The photochemical effects of near-UV light on chromatin labeled with the vital DNA dye Hoechst 33342 (H33342) are studied. Several types of experiments demonstrate that illumination at both 365 and 410 nm results in significant cross-linking of proteins with the DNA. Fluorescence microscopy of dye-stained Xenopus XTC-2 nuclei shows that UV illumination has effects similar to chemical fixation by formaldehyde. At 365 nm a dose of~70 J/cm 2 results in 50% of the DNA being cross-linked, as measured by chloroform-sodium dodecyl sulfate extraction. At 410 nm the efficiency of crosslinking was smaller by a factor of 3. Gel electrophoresis of the cross-linked proteins shows them to be predominantly core histones. The implications of these results for experiments on live cells stained with H33342, for example, fluorescence microscopy of nuclear dynamics or cell sorting, are discussed.
INTRODUCTION
Interest in DNA-containing chromatin has increased rapidly, because it now appears that chromatin structure and dynamics play an important role in biological processes like gene transcription (1) (2) (3) . The ability to image DNA using fluorescence microscopy is critical for studying the structure and dynamics of chromatin in the nuclei of live cells. This ability is made possible by the different fluorescent dye molecules that can bind DNA selectively and with large affinity (4) . Although there are many such molecules available for labeling DNA in vitro, the inability of most of these molecules to pass through live-cell membranes has limited the number of live-cell DNA stains to a relatively small subset of molecules. Of these, one of the most widely used is 2,59-bi-1H-benzimidazole,29-(4-ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-trichloride, commonly known as Hoechst 33342 (H33342), whose structure is shown in the inset of Fig. 1 . H33342 absorbs in the near-UV region and has a broad emission centered at around 500 nm (5) . It binds to the minor groove of DNA, with larger affinity for the AT base pairs, and this binding enhances its fluorescence quantum yield by 10-40 times (5) (6) (7) . Although it is known that H33342 and related dyes can interfere with the action of nuclear proteins on DNA, e.g. topoisomerase (8) , it does not prevent cell proliferation or growth (9) . Because of this, it is commonly used for cell-sorting applications where the stained cells are later used for other biological purposes, for example, sex selection (10) . But although H33342 in its electronic ground state is relatively benign, it is an open question whether the excited-state photochemistry of H33342 can produce photochemical changes in biological systems. A previous study found no evidence of direct DNA damage when cells stained with H33342 were exposed to low levels of light during a cell-sorting experiment (11) . On the other hand, Hoechst dyes are known to produce reactive species like free radicals on photoexcitation (12) , and H33342 has been shown to cause cytotoxicity at high concentrations and extended exposures (13) .
In this article, we investigate the photochemistry of H33342 in both isolated cell nuclei and dilute chromatin in buffered solution. On excitation with near-UV light, H33342 can initiate the formation of cross-links between nuclear proteins and DNA. This cross-linking can be observed in a number of ways, most dramatically through the apparent fixation of nuclei stained with H33342 and exposed to 365 nm light. Significant cross-linking occurs at UV exposures of ;70 J/cm 2 , and gel electrophoresis reveals that the cross-linked proteins are predominantly core histones. The implications of this UV-induced protein-DNA crosslinking for live-cell studies using fluorescence microscopy or flow cytometry will be discussed.
MATERIALS AND METHODS
Nuclear isolation. Xenopus XTC-2 cells were grown in phenol red-free 70% Dulbecco's Modified Eagle's Medium with F-12 nutrient mixture (DME-F12) (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (GIBCO, Grand Island, NY) at room temperature. For nuclear isolation, cells were resuspended in cell media and then rinsed with ice-cold 70% phosphate-buffered saline (BioWhittaker, Walkersville, MD). Subsequent steps were done on ice. After centrifugation, the cell pellet was loosened, and mammalian cell lysis reagent (Pierce, Rockford, IL) was added. The sample was agitated for 30 s, and then the cell membranes were disrupted by resuspending the solution twice with a glass pipette. An excess of cell media was added, and then the nuclei were centrifuged once and resuspended in regular cell media. To examine salt-dependent morphology changes, nuclei were treated (fixed or UV exposed) in regular cell media and then resuspended in an excess of media with 2 M NaCl. After incubating for about 30 min, this solution was spread on a coverslip and imaged using a fluorescence microscope with a charge-coupled device camera.
Chromatin isolation. After nuclear isolation, chromatin was isolated using a slightly modified method of Bhorjee and Pederson (14) . Briefly, nuclei were rinsed three times, resuspended in 10 mM NaCl, 1.5 mM MgCl 2 and 10 mM Tris-HCl (pH 7.0) and then disrupted by sonication with three 10 s pulses at 20 kHz and 20 W (Sonics and Materials VCX 600, Danbury, CT). The resulting solution was layered over 30% sucrose in NaCl-Tris buffer (10 mM NaCl and 2.5 mM Tris-HCl, pH 7.2) and centrifuged at 4500 g for 15 min (Sorvall RC-5 centrifuge, SS-34 rotor, Newtown, CT). The top layer was removed, and aliquots of 5.5 mL were layered over 15.5 mL 60% sucrose in NaCl-Tris buffer with 24 mM ethylenediaminetetraacetic acid in nitrocellulose tubes. The top two-thirds of the tubes were gently mixed, and then the samples were centrifuged for 90 min at 131 000 g (Beckman L7-65 centrifuge, 60Ti rotor, Fullerton, CA). The pellet was resuspended in and then dialyzed overnight against NaCl-Tris buffer. The absorbance ratio at 260 and 240 nm of the resulting chromatin solution was 1.3.
H33342 staining. For each experiment, a freshly prepared solution of H33342 (Sigma) in water was used. To stain isolated nuclei and chromatin, an aliquot from the stock solution was added to the sample such that the final H33342 concentration was 9 lM. For the chromatin samples, the resulting solution had a base pair-dye ratio of 20:1, as calculated using e 260 ¼ 7260 M ÿ1 cm ÿ1 for DNA in chromatin (15) and e 348 ¼ 42 000 M ÿ1 cm ÿ1 for H33342 (16) . Samples were incubated for 15 min before UV irradiation.
UV irradiation. UV irradiation was done with samples (1 mL isolated nuclei in cell medium or 0.25 mL chromatin in NaCl-Tris buffer, A 260 ¼ 1:3) in a 1 3 1 cm quartz cuvette, suspended over an open objective socket in an Olympus IX-70 (Melville, NY) inverted microscope with a fluorescence observation attachment. The sample was placed where the lamp arc images were overlapped and collimated. The UV image was slightly smaller than 1 3 1 cm, but we assume that diffusive mixing leads to uniform sample exposure during the experiment. In this case, the intensity of the light seen with the solution is 70 mW/cm 2 at 365 nm and 60 mW/cm 2 at 410 nm. Chloroform-sodium dodecyl sulfate extraction. Quantitation of DNAprotein cross-linking in isolated chromatin was done using a chloroform extraction assay (15, 17) . After UV irradiation, samples were adjusted to 0.2% sodium dodecyl sulfate (SDS) and 1.0 M NaCl. Samples were split into three tubes and incubated at 608C for 10 min. An equal volume of chloroform-isoamyl alcohol (24:1) was added, and the solutions were vortexed. Samples were then centrifuged at 1000 rpm for 5 min. With this treatment, proteins and DNA cross-linked to proteins are at the cloudy interface, and free DNA is in the aqueous phase. The A 260 of the aqueous phase was measured to quantify the amount of DNA that was not crosslinked and averaged for the three tubes of chromatin to eliminate any effects from small differences in extraction conditions. The absorption spectra were recorded in a microcell using a HP 8452A (Palo Alto, CA) diode array spectrophotometer. The reported percentage of cross-linked DNA was calculated by comparison with the A 260 of a sample that had not been irradiated.
SDS-polyacrylamide gel electrophoresis. SDS-polyacrylamide gel electrophoresis (PAGE) of isolated nuclei was done using a modified procedure of Laemmli (18, 19) . Half of each sample was incubated in cell medium with a total NaCl concentration of 2 M for 2 h at room temperature. All samples were rinsed with serum-free medium without additional salt, and the pellets were manually disrupted in 20 lL serum-free medium. Control samples did not form a solid pellet after the 2 M NaCl treatment; the rinse solution was removed such that the final volume was approximately 20 lL. An equal volume of loading sample buffer was added to each sample, and the solutions were incubated in boiling water for 10 min. After this, the nuclei were disrupted, and the solutions were clear. Fifteen microliters of each sample was loaded onto a vertical 3% stacking gel (acrylamidebisacrylamide, 10:0.5% [wt/wt], in 0.12 M Tris-HCl, pH 6.8) with an 18% separating gel (acrylamide-bisacrylamide, 30:0.15% [wt/wt], in 0.75 M Tris-HCl, pH 8.8). Electrophoresis was performed at 30 mA, and the gel was stained with Coomassie blue to detect the proteins that leave the chromatin (which is trapped in the well) and migrate through the gel. Figure 1 shows the absorption spectrum of H33342-stained chromatin, with the characteristic peaks of H33342 at approximately 350 nm, the absorption of the DNA at 260 nm and the large shoulder of the shorter-wavelength protein absorption at 220 nm and below. There is also a contribution to the spectrum from the histone proteins at 280 nm. The histone absorption leads to absorption ratios A 260 :A 280 and A 260 :A 240 for unstained chromatin that are different from those observed in bare DNA: in our samples, the absorbance ratio A 260 :A 280 is 1.5 (17) , and the absorbance ratio A 260 :A 240 is 1.3 (14) . We note that the absorption of Hoechst dyes depends on the level of staining (20) and that high concentrations can lead to aggregate formation and different binding motifs (21) (22) (23) . In all experiments reported in this study, the maximum staining level is 1 dye per 20 base pairs, as determined by the absorption spectrum. At this staining level, which is typical of what is used in microscopy and cytometry experiments, the effects of aggregation should be negligible (22) . In Fig. 1 , arrows mark the two wavelengths used to excite the stained chromatin in our microscope, namely 365 and 410 nm. The dashed line indicates the absorption of the chromatin alone, which has no measurable absorption at wavelengths greater than 350 nm. That these wavelengths do not affect bare chromatin was confirmed using control experiments, where neither the salt-dependent nuclear morphology nor the amount of cross-linked DNA was affected by prior illumination at 365 nm in the absence of H33342. In Fig. 2 we show the effect of protein-DNA cross-linking on the saltdependent morphology of the intranuclear DNA. The bright areas of the images correspond to regions of high H33342 fluorescence and thus high chromatin density. As the ionic strength of the medium is increased, the binding of the histones to specific regions of DNA is weakened because of electrostatic screening effects, which leads to nucleosome sliding at low ionic strength and eventually histone dissociation at high ionic strength (24, 25) . The structured intranuclear chromatin visible in Fig. 2a at physiological ionic strength disappears as the NaCl concentration increases, until at 2 M NaCl it is completely lost, and the nuclear DNA forms a uniform, diffuse mass as shown in Fig. 2b . This loss of structure can be prevented by either treatment with formaldehyde (Fig. 2c) or irradiation at 365 nm (Fig. 2d) or 410 nm (Fig. 2e) . The fact that both formaldehyde fixation and UV exposure prevent the saltinduced changes in nuclear morphology suggests that both cause similar chemical changes. Formaldehyde is known to induce a broad variety of cross-links, including protein-protein, DNA-DNA and protein-DNA cross-links. It appears that photoexcited H33342 also produces cross-linked species that preserve chromatin structure.
RESULTS
The amount of cross-linking can be quantified by exposing H33342-stained chromatin to variable doses of UV light and then extracting the cross-linked DNA using a SDS-chloroform solution. Previous workers have shown that this is a very sensitive way to measure the fraction of DNA linked to protein (15) . Figure 3 shows how the fraction of DNA removed from the aqueous phase varies with exposure time under our experimental conditions. After 15-20 min, corresponding to a total dose of ;70 J/cm 2 , 50% of the DNA can be removed from the aqueous phase. This does not necessarily mean that 50% of the base pairs have formed covalent bonds to proteins, because even one cross-link can result in a sizable length of DNA being pulled into the chloroform phase with its attached protein. It does suggest that at these fluence levels, H33342 is capable of cross-linking proteins to a large fraction of the available DNA. Figure 3 shows that the cross-linking yield levels off below 100%, which is probably due to the relatively low H33342 staining level. Other studies have shown that the asymptotic level of crosslinking depends on the photosensitizer concentration (17) .
It is instructive to calculate the number of absorption events required to achieve significant cross-linking. Assuming low excitation rates, so that the probability that a molecule can be excited twice during its excited-state lifetime is negligible, the number of photons absorbed per H33342 molecule, N abs , is given by the relation (26)
where r is the absorption cross section, I is the incident intensity, h is Planck's constant, m is the frequency and Dt is the period of illumination. The absorption cross section for H33342 at 365 nm is calculated from the molar absorptivity e by unit conversion from per molar per centimeter to square centimeter using Avogadro's number. This relationship is given by r ¼ 1:661 3 10 ÿ21 e, and for the case of H33342 at 365 nm, it is 7:0 3 10 ÿ17 cm 2 . Equation (1) then leads to a value of 10 4 photons absorbed on average by a H33342 molecule after a 20 min dose of 365 nm irradiation at 70 mW/cm 2 . Under irradiation at 410 nm, we find that the efficiency of the cross-linking is lower by approximately a factor of 3, after taking into account the reduced absorption at this wavelength. The fact that the cross-linking efficiency is wavelength dependent may be the result of energy-dependent branching ratios in the excited state of H33342 or may indicate the presence of different types of absorbing species, which would likely reflect the variation in binding sites for the dye (21) (22) (23) .
To determine the identity of the proteins cross-linked to DNA by H33342, we take the chromatin from irradiated nuclei and perform SDS-PAGE to look at individual protein bands. The gel electrophoresis of chromatin is well established, and the individual bands corresponding to the various histones can be easily identified (19) . Figure 4 shows a gel of nuclear chromatin after 10 min of exposure to 365 nm light. If the chromatin is loaded directly onto the gel, only small differences are seen between the UV-exposed sample and the unexposed control, as seen in Lanes 1 and 2. The main change is the appearance of weak dimer bands due to histonehistone cross-linking near the H1 band, similar to what is observed in other cross-linking experiments involving formaldehyde (27) or methylene blue (17, 28) . Histone-DNA cross-linking should lead to a decrease in the intensity of the histone bands because the crosslinked proteins are expected to be bound to the chromatin in the well and not be able to migrate down the gel. The fact that the histone bands in Lane 2 are not attenuated is likely due to the severe preparation conditions (boiling the sample for 10 min), which can disrupt the DNA-protein cross-links. Such reversible protein-DNA cross-links have been observed previously in formaldehyde cross-linked systems (27) . To circumvent this problem, we used a 2 M NaCl solution to extract the free proteins from the nuclei before gel preparation. In this case, only the proteins that have been cross-linked to the intranuclear DNA will remain in the sample after extraction. Indeed, this is what is observed in Lanes 3 and 4, where the control sample has no Figure 2 . Fluorescence images of H33342-stained chromatin in isolated nuclei. Light regions correspond to high fluorescence, indicating the presence of DNA. The dark circular spot visible in some of the nuclei is the nucleolus. The nuclei are exposed to the following conditions: in cell media (80 mM NaCl) (a), in cell media with 2 M NaCl (b), fixed for 15 min in 4% formaldehyde solution in cell media and then stained and resuspended in cell media with 2 M NaCl (c), stained, exposed to 365 nm UV irradiation and then resuspended in cell media with 2 M NaCl (d) and stained, exposed to 410 nm UV irradiation and then resuspended in cell media with 2 M NaCl (e). The scale bar is 10 lm. chromatin proteins remaining after extraction, whereas the UVexposed sample has significant amounts of the core histones, especially H3, H2A, H2B and H4. The large protein bands at the top of the gels, which are especially pronounced in the control sample Lane 3, result from incomplete removal of the cell medium serum proteins and are not related to the chromatin sample. Interestingly, we do not observe an enhancement in the linker histone H1 band. Minor groove binders like H33342 are known to disrupt linker histone binding to DNA (29) , and it may be that if H33342 binds to the internucleosomal DNA, it displaces H1 and cannot induce cross-links between H1 and the DNA.
In conclusion, we find that H33342 can photosensitize the crosslinking of core histone proteins and DNA with reasonable efficiency at staining levels similar to those used in fluorescence microscopy experiments. This has immediate consequences for the use of H33342 in live-cell experiments or cell-sorting procedures, where the cell may be exposed to UV light for prolonged periods of time. Although exposure of a H33342-stained cell to UV light does not directly damage the DNA itself via strand cleavage or interstrand cross-links, it does create chemical changes in the chromatin, which contains the DNA in living systems. If the chromatin experiences significant levels of cross-linking between the DNA and histone proteins, the dynamics of the DNA may be adversely affected. Cellular processes that rely on the chemical accessibility of DNA, such as gene transcription and DNA replication, may be slowed down or prevented by the presence of immobile histones, which block access to the underlying DNA. For example, nucleosomal sliding (30) is thought to be necessary for various DNA reactions in living systems, and it is reasonable to expect that the motion of the histone octamers would be prevented by cross-linking to specific regions of the chromosomal DNA. Clearly, the duration and intensity of UV exposure for live cells stained with H33342 and related chromophores should be controlled to ensure that the chromatin retains its native structure throughout the course of the experiment. This is a concern especially in fluorescence microscopy experiments, where the cells are observed for extended periods of time. Prolonged exposure to the excitation light may affect the ability of the chromatin to move or undergo conformational changes that require displacement of the histones, with the result that the nuclear DNA may appear more stationary than it would actually be in an unperturbed living system. In flow cytometry experiments the exposure time is a fraction of a second and the probability of damage is much smaller in general, although it would depend on the laser power as well. Thus, the ability of H33342 to photochemically cross-link the histones and DNA should be taken into account in the interpretation of live-cell-imaging experiments or the design of cellsorting procedures. A final observation is that this photochemical cross-linking could also be used to probe the role of nucleosomal sliding and mobility in cellular processes by providing a way to selectively alter such dynamics in localized regions of live cells.
